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ABCA	 	 	 ATP-binding	cassette	transporter		
AD	 	 	 Alzheimer	disease		
AGM	 	 	 Aorto-gonado-mesonephros	
ALS	 	 	 Amyotrophic	lateral	sclerosis		
BM	 	 	 Bone	marrow	
BSA	 	 	 Bovine	serum	albumin	
CAF	 	 	 Cancer-associated	fibroblast	
CCL	 	 	 Chemokine	(C-C	motif)	ligand			
CCR2	 	 	 C-C	chemokine	receptor	type	2	
CD	 	 	 Cluster	of	differentiation	
CNS	 	 	 Central	nervous	system		
COX-2		 	 Cyclooxygenase-2	
CRP	 	 	 C-reactive	protein		
CSF1R		 	 Colony	stimulating	factor	1	receptor		
CX3CR1	 	 CX3C	chemokine	receptor	1		
CXCL	 	 	 Chemokine	(C-X-C	motif)	ligand		
D	 	 	 Day		
DC	 	 	 Dendritic	cells	
E	 	 	 Embryonic	day	
EAE	 	 	 Experimental	autoimmune	encephalitis		
ECM	 	 	 Extracellular	matrix	
EGF	 	 	 Epidermal	growth	factor		
EMP	 	 	 Erythro-myeloid	progenitors	
ER	 	 	 Estrogen	receptor		
ERBD	 	 	 Estrogen-binding	domain		
FACS	 	 	 Fluorescent	activated	cell	sorting	
FL	 	 	 Fetal	liver	
GFP	 	 	 Green	fluorescent	protein		
GM-CSF	 	 Granulocyte	macrophage	colony	stimulating	factor		
GMPs	 	 	 Granulocyte-macrophage	progenitors		
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HDAC	 	 	 Histone	Acetyl	Deacetylase		
HIF-1	 	 	 Hypoxia-inducible	factor	1		
HSC	 	 	 Hematopoietic	stem	cell	
Ig	 	 	 Immunoglobulin	
IGF-1	 	 	 Insulin-like	growth	factor	1		
IHC	 	 	 Immunohistochemical		
IL	 	 	 Interleukin	
INF-g	 	 	 Interferon	gamma	
iNOS	 	 	 Inducible	nitric	oxide	synthetase	(iNOS)	
IRF	 	 	 Interferon	regulatory	factors		
ITGb	 	 	 Integrin	beta		
LDL	 	 	 Low	density	lipoprotein	
LT	 	 	 Leukotriene	
LXR	 	 	 Liver	X	receptor	
M-CSF		 	 Macrophage	colony-stimulating	factor		
MAC	 	 	 Membrane	attack	complex		
Mac-1	 	 	 Macrophage-1	antigen		
MAM	 	 	 Metastasis-associated	macrophage	
MBL	 	 	 Mannan-binding	lectin	
MHC	 	 	 Major	histocompatibility	complex		
MMP	 	 	 Matrix	metalloproteinase		
MPS	 	 	 Mononuclear	phagocyte	system		
MRC1	 	 	 Macrophage	mannose	receptor	C1		
MS	 	 	 Multiple	sclerosis		




PBS	 	 	 Phosphate-buffered	saline	
PD-Ls	 	 	 Programmed	death	ligands		
PDGF	 	 	 Platelet-derived	growth	factor		
PECAM	 	 Platelet	endothelial	cell	adhesion	molecule		
PFA	 	 	 Paraformaldehyde	
	
	 9	
PG	 	 	 Prostaglandin	
PPARg	 	 Peroxisome	proliferator-activated	receptor-gamma		
PRR	 	 	 Pathogen	recognition	receptors		
RNA	 	 	 Ribonucleic	acid	
RT-PCR	 	 Real-time	polymerase	chain	reaction		
RUNX1	 	 Runt-related	transcription	factor	1		
STAT	 	 	 Signal	transducer	and	activator	of	transcription		
TAM	 	 	 Tumor	associated	macrophage	
TGF-b	 	 	 Transforming	growth	factor	beta		
TH	 	 	 T	helper	cell	
TLR	 	 	 Toll-like	receptors		
TMEM		 	 Tumor	microenvironment	for	metastasis		
TNF-a		 	 Tumor	necrosis	factor	alpha	
VEGF	 	 	 Vascular	endothelial	growth	factor	


























have	 to	 distinguish	 endogenous	 from	 exogenous	 and	 obligatory	 from	 non-
obligatory	pathogenic	germs.	The	innate	immune	system	is	mandatory	to	protect	
humans	from	a	plethora	of	permanently	surrounding	pathogens.	




and	 IgA.	 In	 addition,	 stomach	 acid	 kills	 diverse	 germs	 in	 the	 gastrointestinal	
system.	 In	 case	 of	 failure	 of	 this	 first	 barrier,	 phagocytic	 immune	 cells	 have	 to	
eradicate	or	attenuate	potential	pathogens.	(Eales,	1997;	Kaufmann,	2013;	Joachim	
Rassow,	2012)	
Elie	 Metchnikoff,	 a	 Ukrainian	 zoologist,	 is	 considered	 to	 be	 the	 pioneer	 of	 the	
innate	immune	system.	He	is	known	to	be	the	first	one	to	emphasize	the	impact	of	
phagocytosis	 on	 the	 development,	 on	 biological	 balances	 and	 on	 infections	 of	
organisms.	 Together	with	 Paul	 Ehrlich,	 the	 discoverer	 of	 the	 humoral	 immune	
system,	he	won	 the	Nobel	prize	 in	1908.	Metchnikoff	observed	phagocytosis	 in	







gas	 exchange,	 digestion	 and	 cellular	 defense	 by	 the	 use	 of	 phagocytosis.	 In	




internalization	 and	 enveloping	 of	 diverse	 particles,	 is	 not	 only	 used	 against	
invading	 bacteria	 or	 other	 foreign	 bodies	 in	 the	 context	 of	 inflammation	 or	











of	 exogenous	 invading	 pathogens	 has	 to	 be	 preconditioned.	 Specific	 pathogen	
detecting	proteins	could	be	identified	–	so	called	pathogen	recognition	receptors	
(PRR)	 of	 phagocytic	 cells.	 These	 receptors	 identify	 characteristic	 prokaryotic	
structures,	termed	pathogen-associated	molecular	patterns	(PAMPs).	Endothelial	
cells,	DCs,	macrophages	and	other	cells	belonging	to	the	innate	immune	system,	
comprise	 toll-like	 receptors	 (TLR)	 in	 their	 cell	 membrane.	 TLR	 contribute	 to	
bacterial	 detection	 and	 activate	 the	 transcription	 factor	 NFkB,	 initiating	 the	
expression	 of	 genes	 essential	 to	 effective	 immune	 responses.	 More	 than	 10	
different	TLR	could	be	identified	until	now.	With	their	specificity	against	particular	
























upon	 infection	 immediately	 mobilized	 reaction	 against	 foreign	 substances	 and	
pathogens.	 It	 consists	 in	 three	 major	 components:	 phagocytizing	 cells,	 such	 as	
neutrophils	 or	 macrophages,	 plasma	 proteins	 and	 natural	 killer	 cells.	 By	
recognizing	integral	components	of	pathogens	or	cells	of	the	body,	they	initiate	or	




Released	 cytokines	 stimulate	 a	 further	 crucial	 defense	 mechanism;	 the	
complement	 system.	 This	 defense	 mechanism	 leads	 to	 a	 recruitment	 of	 more	




system	 are	 equally	 able	 to	 activate	 the	 complement	 system.	 The	 classic	way	 is	
antibody-dependent	and	requires	the	disposability	of	IgM	or	IgG	antibodies	ligated	
to	detected	antigens.	The	Fc-part	of	these	antibodies	can	bind	C1q,	a	first	protein	





complement	 system	 can	 operate	 in	 an	 antibody-independent	 manner,	 the	
alternative	 way.	 C3b	 is	 binding	 covalently	 to	 microorganisms	 and	 conversely	
ligated	to	CR1,	a	receptor	expressed	by	phagocytic	cells	such	as	macrophages	or	
granulocytes.	 These	 cells	 are	 subsequently	 capable	 of	 phagocytizing	 ligated	
microorganisms.	In	addition,	C3b	can	recruit	C5	in	order	to	initiate	the	MAC.	C3b	
is	 continuously	 produced	 and	 eliminated	 if	 no	 foreign	 surface	 can	 be	 detected.	
Endogenous	cells	escape	from	the	alternative	activation	path	via	CD55	and	CD45,	




C1q	 which	 could	 be	 the	 reason	 why	 MBL	 is	 capable	 of	 complement	 system	








Antigen-antibody	 complexes	 stimulate	 the	 creation	 of	 C1q	 which	 initiates	 a	
cascade	of	protein	activation	leading	to	the	MAC	that	is	responsible	for	pathogen	
lysis.	This	system	can	equally	be	stimulated	by	MBL	or	pathogen	surfaces.	C3a	and	















membrane attack       
complex





























As	 opposed	 to	 protozoa,	 vertebrates	 developed	 a	 second	 defense	 mechanism	
during	evolution,	the	adaptive	immune	system.	This	acquired	immune	system	can	
be	activated	alongside	of	the	established	innate	immune	system	and	advantages	




based	 on	 specific	 pathogenic	 surface	 molecules.	 These	 can	 be	 identified	 by	
particular	cells,	belonging	to	the	innate	immune	system,	and	presented	to	diverse	
cells	of	the	adaptive	immune	system.	Through	the	interaction	between	these	two	
defense	 mechanisms,	 specific	 antibodies	 against	 invading	 pathogens	 can	 be	
generated	and	a	more	effective	immune	response	is	guaranteed.	Whilst	the	initial	
creation	 of	 antibodies	 is	 protracted,	 antibodies	 appear	 sooner	 after	 the	 contact	
with	a	reappearing	pathogen	since	memory	cells	could	be	established.	Initially,	the	
innate	 immune	 reaction	 interacts	 faster	 than	 the	 acquired	 one.	 However,	 the	
acquired	 immune	 system	 is	 able	 to	 eliminate	 foreign	 substances	 exceedingly	
specific	and	more	effective.	(Fig.	3)	(Eales,	1997,	2003;	Kaufmann,	2013;	Stites	et	
al.,	1994)	




a	 consequence	 of	 further	 research,	 the	 idea	 that	 these	 pathogens	 induced	 the	










T	 helper	 cells	 recognize	 antigens	 presented	 by	 macrophages,	 T-killer	 cells	 are	
























As	other	blood	cells,	 certain	macrophages	 can	be	 replenished	by	hematopoietic	
stem	 cells	 (HSCs).	 Former	 studies	 emphasized	 the	 aorto-gonado-mesonephro	
(AGM)	 region	 as	 the	 first	 site	where	 HSCs	 appear	 around	 embryonic	 day	 10.5	
(E10.5).	 Subsequently,	 HSCs	 colonize	 the	 fetal	 liver	 (FL),	 where	 fetal	
hematopoiesis	 further	develops.	A	 significant	proliferation	of	 these	 cells	 can	be	





hematopoietic	 progenitor	 cells.	 These	 appear	 around	 E7.5	 (Alliot	 et	 al.,	 1999),	
preceding	 the	primary	appearance	of	 the	 first	HSCs	 in	 the	AGM	region.	 (Fig.	4)	
(Bertrand	et	al.,	2005;	Cline	&	Moore,	1972;	Cumano	&	Godin,	2007)	
From	 E8.5.	 onwards,	 definitive	 erythroid	 (BFU-E),	 bipotential	
granulocyte/macrophage	progenitor	cells	(GM-CFC),	mast	cell	progenitors	(Mast-
CFC)	and	other	myeloid	progenitor	 subtypes	 can	be	perceived	 in	 the	YS.	These	
different	subsets	arise	from	the	same	cohort,	named	erythro-myeloid	progenitors	
(EMPs),	 possessing	 a	 diverse	 myeloid	 potential.	 EMPs	 can	 be	 identified	 in	 the	
mouse	bloodstream	and	the	FL	from	E10.5	onwards.	Thus,	the	emergence	of	EMPs	
and	proliferation	of	HSCs	in	the	AGM	region	is	overlapping.	(McGrath	et	al.,	2015)	










YS-derived	 cells	 appear	 from	 E7.5	 onwards	 and	 are	 persistent	 in	 adult	 mice.	
Macrophage	 populations	 originating	 from	 the	 YS	 can	 be	 identified	 in	 different	





have	been	established.	 In	adult	mice,	 the	 fractalkine	receptor,	equally	known	as	
CX3C	chemokine	receptor	1	(CX3CR1),	is	expressed	by	monocytes	and	subsets	of	
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Pre-macrophages	 are	 CD45+	 and	 express	 Macrophage-1	 antigen	 (Mac-1),	 a	
heterodimeric	 receptor	 consisting	 of	 integrin	alpha	M	 (CD11b)	 and	 integrin	b2	
(CD18)	as	well	as	CX3CR1.	Along	with	macrophage	differentiation,	an	upregulation	
of	 F4/80	 can	 be	 perceived.	 CSF1R,	 similarly	 known	 as	 CD115,	 is	 equally	
upregulated	in	differentiated	macrophages	and	plays	a	key	role	in	the	chemokine-
receptor-dependent	 colonization	of	 the	whole	embryo.	 Specific	markers	 permit	
genetic	 labeling	 and	 the	 visualization	 of	 macrophage	 progenitors	 along	 the	
development	of	the	embryo.		(Bertrand	et	al.,	2005;	Mass	et	al.,	2016;	Stremmel	et	
al.,	2018).		


















This	diversity	 enables	 vice	 versa	 tissue	 specific	 functions	 as	mentioned	 before.	
Recent	 studies	 were	 able	 to	 identify	 so-called	 tissue-specific	 transcriptional	













YS-derived	 EMPs	 colonize	 the	 embryo	 starting	 with	 the	 FL	 around	 E9.5.	
Macrophage	 precursors	 (pMacs)	 are	 formed,	 initiating	 a	 core	 specification	
program	 in	 a	 CX3CR1	 dependent	 manner.	 Respective	 regulators	 guide	 these	






















































were	 consequently	 termed	 differently	 depending	 on	 their	 tissue	 of	 residence.	
Prominent	examples	are	Kupffer	cells	in	the	liver,	osteoclasts	in	bone,	microglia	in	
the	brain	and	Langerhans	cells	in	the	skin.	(Gordon,	2012;	Mass	et	al.,	2016)	
A	 variety	 of	 experiments	 lead	 to	 a	 specific	 classification	 of	 macrophage	
subpopulations.	 Macrophages	 were	 firstly	 separated	 into	 pro-	 (M1)	 and	 anti-
inflammatory	 (M2)	 subdivisions.	 Classically-activated	 macrophages	 (M1)	 are	





and	express	 inducible	nitric	oxide	 synthetase	 (iNOS)	 in	murine	experiments.	 In	
contrast,	M2	macrophages	are	indispensable	to	homeostasis.	They	are	involved	in	
vascular	 development,	 tissue	 repair	 and	 anti-inflammatory	 activities.	 M2	
macrophages	 show	 a	 characteristic	 expression	 profile,	 namely	 scavenger	
receptors,	 arginase-1,	 e-cadherin	 and	 further	 substances.	 Compared	 to	 M1	
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macrophages,	 they	 show	 an	 inferior	 IL-12,	 but	 superior	 IL-10	 expression.	 M2	






comprehension	 of	 various	 macrophage	 functions.	 These	 subpopulations	 arise	
from	diverse	precursors	and	differentiate	in	interaction	with	cytokines	such	as	M-
CSF	 or	 granulocyte	 macrophage	 colony	 stimulating	 factor	 (GM-CSF)	 or	 other	
transcription	factors.	Mentionable	are	for	instance	PU.1	or	interferon	regulatory	
factors.	 The	 final	 differentiation	 process	 in	 M1	 or	 M2	 macrophages	 is	 highly	
orchestrated	 and	 depends	 on	 abundant	 additional	 elements	 such	 as	 specific	
transcription	 factors.	 Members	 of	 the	 signal	 transducer	 and	 activator	 of	
transcription	(STAT)	protein	family	are	for	instance	known	to	play	a	key	role	in	
this	differentiation	process,	but	little	of	these	pathways	have	been	elaborated	until	
















sample	 their	 environment	 by	 pinocytosis,	 meaning	 the	 formation	 of	 surface	
vesicles	 containing	 extracellular	 fluids.	 In	 this	 context,	 diverse	 receptors	 are	
indispensable.	 Macrophages	 are	 able	 to	 detect	 released	 opsonins,	 for	 instance	
complement	 components	 or	 immunoglobulins,	 chemotactic	 factors,	 growth	
factors,	cytokines,	hormones	and	other	mediators.	Once	macrophages	are	in	direct	
contact	with	bacteria,	microorganism	related	endotoxin,	tissue	damage	products,	




process.	 Consequently,	macrophages	 enhance	 their	metabolic	 capacity,	motility	
and	phagocytic	processes.	They	show	an	enlarged	cytoplasmic	volume	which	leads	
to	 facilitated	 phagocytosis.	 As	 a	 result,	 activated	 macrophages	 phagocytize	 all	
kinds	of	surrounding	foreign	particles	or	cell	debris.	A	principal	initiation	method	
is	opsonization.	Fragments	of	the	complement	protein	C3,	certain	carbohydrates	
or	 immunoglobulins	 are	 detected	 by	 opsonin-specific	 receptors	 which	
subsequently	guide	their	engulfment	within	membrane-bounded	vacuoles,	termed	
phagosomes.	 Other	 ingestion	 processes	 performed	 by	 macrophages	 are	
pinocytosis,	 phagocytosis	 by	 pseudopodia	 formation	 and	 receptor-mediated	
endocytosis,	 all	 of	 which	 generate	 phagosomes.	 Lysosomes,	 cell	 organelles	
containing	 digestive	 enzymes,	 merge	 with	 a	 created	 phagosome	 forming	 the	
phagolysosome.	Before	digestion	occurs	in	the	phagolysosome,	engulfed	particles	
get	 immediately	 acidified	 as	 soon	 as	 they	 get	 ingested.	 Thus,	 lactic	 acid	 and	
hydrogen	ions	accumulate,	move	via	specific	pumps	into	the	lysosomes,	reduce	the	
present	pH	and	 initiate	 finally	 the	release	of	acidic	granule	contents	 in	order	to	
dissolve	engulfed	particles.	Components	of	these	granules	are	defensins,	lysozyme	
and	 lactoferrin.	 The	 creation	 of	 lactic	 acid	 and	 hydrogen	 ions	 are	 part	 of	 the	
respiratory	burst,	which	is	also	known	as	oxidative	or	metabolic	burst.	It	occurs	in	
stimulated	 macrophages	 and	 causes	 accumulation	 of	 toxic	 oxygen	metabolites.	
Indeed,	 highly	 reactive	 molecules	 are	 created	 by	 nicotinamide	 adenine	
diphosphate	(NADPH)	oxidases,	a	group	of	involved	enzymes.	These	free	radicals	
are	 capable	 of	 protein,	 lipid,	 DNA,	 cell	 and	 bacterial	 destruction.	 Under	
unstimulated	 circumstances,	 created	 radicals	 are	 attenuated	 by	 endogenous	
scavenger	 receptors	or	enzymes	present	 in	surrounding	 cells.	 In	 comparison	 to	
neutrophils,	macrophages	are	less	efficient	regarding	phagocytosis.	Macrophages	
show	lower	amounts	of	lysosomes	but	contain	organelles	which	are	able	to	renew	
lysosomes	 as	 needed.	 As	 a	 consequence,	 all	 engulfed	 particles	 are	 entirely	









At	 the	 onset	 of	 inflammation	 or	 tissue	 damage,	 inflammatory	 mediators	 are	







enable	 vascular	 permeability	 and	 cause	 chemotaxis,	 the	 directed	 migration	
towards	the	inflammatory	site.	A	possible	explanation	for	this	targeted	movement	
could	 be	 the	 fact	 that	 ligated	 chemokines	 induce	 pseudopod	 formation.	 The	
interaction	between	numerous	of	these	chemokines	leads	to	a	directed	movement	
towards	 the	 damaged	 tissue	 or	 respectively	 inhibits	 movements	 in	 any	 other	
direction.	 Accompanying	 these	 chemokines,	 C3a	 and	 C5a,	 already	 mentioned	
complement	 proteins,	 play	 a	 key	 role	 as	 chemotactic	 agents.	 To	 conclude,	 the	
principal	 aim	 of	 chemotaxis	 consists	 in	 enticing	 phagocytic	 cells	 in	 order	 to	
eliminate	 pathogens	 or	 cell	 debris.	 Supplementary	 to	 this	 first	 chemotactic	
movement,	 recently	 arrived	 cells	 are	 able	 to	 release	 further	 chemokines	
themselves.	 Mentionable	 are	 IL-8,	 produced	 by	 monocytes,	 lymphocytes,	









Macrophages	play	a	 critical	 role	 regarding	homeostasis	 and	 innate	 immunity.	A	
main	part	of	their	functions	is	based	on	interactions	with	other	cell	types.	Thus,	
they	do	not	operate	exclusively	under	the	guise	of	the	innate	immune	system	but	











conduce	 to	 an	 elimination	 of	 viral	 infections	 or	 cell	 debris.	 However,	 the	
degradation	of	 invading	bacteria	via	Class	 II	molecules	and	 the	defense	of	 viral	
infections	 via	 MHC	 Class	 I	 molecules	 are	 sometimes	 overlapping.	 Certain	
microorganisms	 can	 migrate	 from	 the	 endosome	 into	 the	 cytoplasm.	 Their	
bacterial	proteins	can	be	presented	by	Class	I	molecules.	Vice	versa,	endogenous	
particles	 can	be	 transferred	 into	exogenous	antigens	and	presented	 to	T	helper	
cells.	Crosspriming	ways,	meaning	the	CD4	and	CD8	stimulation,	can	be	initiated	
once	 infected	 cells	 form	 antigen	 containing	 vesicles.	 These	 vesicles	 are	
subsequently	taken	up	by	dendritic	cells.	DCs	are	able	to	present	antigens	in	a	MHC	









detect	 attacking	 pathogens	 by	 their	 PAMPs	 with	 the	 help	 of	 special	 pathogen	
recognition	 receptors	 such	 as	 TLRs	 (Wynn	 et	 al.,	 2013).	 To	 name	 an	 example,	
Salmonella	 typhi	 and	 Listeria	 monocytogenes	 reveal	 this	 mechanism	 regarding	
their	recognition	by	macrophages	(Shaughnessy	&	Swanson,	2007).	At	the	onset	of	
detection,	M1	 like	macrophages	become	activated,	which	 leads	 to	a	 subsequent	
release	of	pro-inflammatory	mediators.	Noteworthy	are	in	this	context	TNF-a,	IL-
1	and	nitric	oxide	(NO).	Invading	bacteria	are	eliminated	and	a	further	acquired	
immune	 response	 is	 primed.	 M2	 macrophages	 are	 necessary	 to	 keep	 this	
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inflammation	 process	 under	 control.	 These	 latter	 suppress	 excessive	 reactions	
leading	to	sepsis	and	induce	healing	processes.	(Liu,	Zou,	Chai,	&	Yao,	2014;	Seo	et	
al.,	2015;	Vannella	&	Wynn,	2017;	Wynn	et	al.,	2013)	




respiratory	 syndrome	 (SARS)	 (Dagvadorj	 et	 al.,	 2015;	 Page	 et	 al.,	 2012).	




Taenia	 crassiceps,	 M1	 macrophages	 show	 an	 initial	 typical	 pro-inflammatory	
behavior,	 whereas	 M2	 subpopulations	 occur	 via	 IL-4	 hereinafter	 and	 cause	 a	
healing	status	(Sica	&	Mantovani,	2012).	Concomitantly,	macrophages	attenuate	
helminth	 infections.	Regarding	 the	Leishmania	 infantum	 infection,	macrophages	











and	 organ	 destruction,	macrophages	 enable	migration	of	 inflammatory	 cells	 by	
releasing	chemotactic	factors.	With	the	help	of	matrix	metalloproteinases	(MMPs)	
they	 demolish	 already	 damaged	 basement	 membranes	 and	 support	 cell	
movement.	 Macrophages	 do	 not	 only	 phagocytize	 apoptotic	 cells	 or	 invading	





derived	 growth	 factor	(PDGF),	 insulin-like	 growth	 factor	 1	(IGF-1),	 vascular	
endothelial	growth	factor	alpha	(VEGF-a),	transforming	growth	factor	beta	(TGF-
b)	 or	 wnt	 proteins	 in	 order	 to	 cause	 cell	 proliferation,	 differentiation	 and	
angiogenesis.	 TGF-b	 also	 induces	 vessel	 contraction	 and	 wound	 closure	 by	
stimulating	 tissue	 fibroblasts	 to	 differentiate	 into	 myofibroblasts.	 Surrounding	
stem	cells	play	an	important	role	in	this	inflammation	response	as	they	complete	




The	phenotypic	 switch	 from	 injury-inducing	 into	wound	repair	macrophages	 is	
















Gomez	 Perdiguero,	 2015;	 Vannella	 &	 Wynn,	 2017).	 Microglia	 are	 capable	 of	











microglia	 show	 inflammatory	 and	 repairing	 activities.	 Activated	 microglia	
proliferate	 increasingly,	 intensify	 their	 phagocytosis	 capacity	 and	 release	 of	
inflammatory	 cytokines	and	enhance	 their	 antigen	presentation	 capacity.	These	
processes	 can	 have	 counter-productive	 effects	 as	 they	 can	 prime	
neuropathologies.	Various	studies	revealed	this	phenomenon	using	the	example	of	
multiple	 sclerosis	 (MS)	 or	 the	 experimental	 autoimmune	 encephalitis	 (EAE)	 in	
mice	and	demonstrated	the	effect	of	macrophage	activation	on	the	development	of	
these	diseases.	Vice	versa	chimera	experiments	showed	less	inflammatory	lesions	




a	 neuroprotective	 function	 as	 EAE	 affected	 mice	 with	 inhibited	 microglia	
activation	show	a	delayed	recovery	process.	Experimental	accelerated	microglia	
activation	 at	 the	 onset	 of	 EAE	 showed	 an	 enhanced	 recovery.	 Further	 studies	
highlighted	the	neuroprotective	functionality	of	macrophages	as	they	are	capable	
of	inhibitory	myelin	debris	elimination	and	production	of	neurotrophic	proteins	as	
mentioned	 before.	 Studies	 revealed	 the	 fact	 that	 oligodendrogenesis	 and	
neurogenesis	 occurs	 once	 microglia	 are	 activated	 by	 IL-4	 and	 INF-g.	 This	 bi-


















cancer,	 whereas	 Schistostoma	 hematobium	 is	 identified	 to	 be	 associated	 with	
bladder	cancer.	(Coussens	&	Werb,	2002)	
Within	the	 frame	of	 tumorigenesis,	macrophages	act	similarly	as	at	 the	onset	of	
inflammation	 or	 tissue	 damage.	 They	 are	 influenced	 by	 tumor	 associated	
microenvironments	and	are	stimulated	to	release	growth	and	angiogenesis	factors	
in	order	to	establish	a	perfect	proliferation	environment	for	the	respective	tumor.	
Tumor	 associated	 macrophages	 (TAMs)	 eliminate	 apoptotic	 cells	 and	 enable	
tumor	cells	 to	move	through	surrounding	tissues	and	furthermore	 into	recently	
created	 vessels.	 This	 facilitated	 migration	 and	 intravasation	 is	 essential	 to	





and	 cyclooxygenase-2	 (COX-2)	 and	 establish	 a	 tumor	 suitable	 environment.	
Ablation	 experiments	 elucidated	 NF-kB	 as	 essential	 to	 tumor	 instruction	 and	
development.		




which	 points	 out	 why	 COX-2	 inhibitors	 could	 play	 a	 key	 role	 in	 preventing	
carcinogenesis	and	have	already	shown	a	chemoprotective	behavior	regarding	the	
development	 of	 intestinal	 cancer.	 Low	 oxygen	 availability	 causes	 hypoxia-
inducible	factor	1	(HIF-1)	which	in	turn	facilitates	vessel	development,	metastasis	
and	cell	proliferation.	Further	studies	showed	a	jointly	migration	by	macrophages	
and	 tumor	cells	under	 the	 influence	of	EGF	and	CSF-1.	Moreover,	macrophages	
induce	 VEGF-secretion	 by	 releasing	 MMP9.	 EGF	 or	 CSF-1	 blocking	 diminishes	
migration	 of	 both,	 phagocytic	 and	 tumor	 cells.	 Concomitantly,	 pharmacological	
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blocking	 of	 EGF	 reduces	 cell	 movement	 into	 blood	 vessels.	 Enzymes	 such	 as	
arginase-1,	 iNOS	 creating	 nitric	oxygen	 (NO),	 cysteine,	 cathepsin	 and	 proteases	
enable	tumor	progression.	Higher	quantities	of	TAMs	are	associated	with	poorer	
cancer	 outcomes	 and	 show	 an	 enhanced	 metastasis	 and	 lymphangiogenesis	
development.	 Therefore,	 TAMs	 are	 regularly	 attracted	 by	 chemokines,	 in	
particular	cytokines	of	the	CC	chemokines.	(Condeelis	&	Pollard,	2006;	Schmieder	
et	al.,	2012;	N.	Wang,	Liang,	&	Zen,	2014)	
TAMs	 reveal	 different	 origins,	 in	 particular	 circulating	 monocytes	 and	
embryonically	 derived	 tissue-resident	 macrophages.	 Zue	 et	 al.	 depicted	 the	
meaning	 of	 dissimilar	 origins	 and	 their	 specific	 functions.	 In	 pancreatic	 cancer	
models,	monocyte-derived	TAMs	show	a	more	significant	role	regarding	antigen	
presentation,	whereas	YS-derived	TAMs	appear	more	 important	 concerning	 the	
initiation	and	maintenance	of	 fibrosis	as	 they	generate	remodeling	molecules	 in	
the	extracellular	matrix	(ECM).	(Pollard,	2017)	
TAMS	are	essential	to	the	initiation	of	angiogenesis	and	metastases.	TAMs	can	be	
activated	 by	 CSF-1	 and	ANG2,	which	 leads	 to	an	 inhibition	 of	 anti-angiogenetic	
factors	and	to	a	release	of	vascular	endothelial	growth	factor	A	(VEGFA)	or	WNT7B	
which	 stimulate	 angiogenesis.	 Concerning	 the	 contribution	 to	 an	 increased	
invasiveness	of	cancer	cells,	TAMs	release	EGF	which	stimulates	the	corresponding	
receptor.	 In	 cooperation	 with	 cancer-associated	 fibroblasts	 (CAF)	 and	 their	
derived	factors,	TAMs	create	a	perfect	tumour	microenvironment	for	metastasis	
(TMEM).	CCL2	 is	equally	 important	 to	TAM	activation	and	metastasis	 initiation.	
(Fig.	7)	(Kitamura,	Qian,	&	Pollard,	2015;	Kitamura,	Qian,	Soong,	et	al.,	2015;	Noy	
&	Pollard,	2014)	
Regarding	 this	 context,	 Cassetta	 et	 al.	 investigated	 the	 role	 of	 TAMs	 in	 breast	
cancer	 metastases.	 By	 using	 Class	 IIa	 Histone	 Acetyl	 Deacetylase	 (HDAC)	
inhibitors,	the	invasiveness	of	cancer	cells	was	disabled	as	metastasis-associated	
macrophages	(MAMs)	and	monocytes	were	reprogrammed	and	T-killer	cells	and	










































3.2	 Generation	 and	 analysis	 of	 immortalized	 yolk	 sac	
macrophages	
	
In	 order	 to	 create	 stable	 cell	 culture	 conditions,	 an	 immortalized	 YS-derived	




capability	 of	 immortalized	 YS-derived	 macrophages	 will	 be	 elaborated	 via	





















eGFP	 (enhanced	 Green	 Fluorescent	 Protein).	 With	 the	 CX3CR1-eGFP	 targeting	
vector	 mice	 expressed	 the	 reporter	 protein	 eGFP	 instead	 of	 the	 fractalkine	
receptor	 and	 visualization	 of	 cells	 expressing	CX3CR1,	 such	 as	monocytes,	DCs,	







Myb-deficient	 mice	 were	 kindly	 provided	 by	 Jon	 Frampton,	 University	 of	
Birmingham,	United	Kingdom.	(Mucenski	et	al.,	1991)	
In	 order	 to	 interrupt	 the	 endogenous	 c-myb	 gene,	 the	 neo	 gene	 from	
pMCIneo/polyA+	(Thomas	and	Capecchi,	1987)	was	used	with	the	aim	to	create	a	















Antibody	 Company	(Clone)	 Catalogue	#	 Dilution	
Rat	anti-F4/80	 abcam	 ab6640	 1:200	
Rabbit	anti-CX3CR1	 abcam	 ab8021	 1:200	
Hoechst	 invitrogen	 H3570	 1:2000	
Rabbit	anti-Ki-67	 NOVUS	Bioloicals	 NB500-170	 1:200	








Antibody	 Company	(Clone)	 Catalogue	#	 Dilution	




CD11b	-	PE	 BD	Pharmingen	 553311	 1:200	
CD45.2	–	APC-Cy7	 BD	Pharmingen	 560694	 1:200	
CX3CR1	-	FITC	 BioLegend	 149020	 1:200	
Fc	Block	CD16/CD32	 eBiosience	 553142	 1:200	












get	 electronically	 activated.	 This	 activation	 occurs	 when	 fluorochromes	 are	
radiated	by	light	waves.	Once	fluorochromes	get	back	into	their	initial	state,	the	
thereby	 released	energy	 is	 set	 free	as	 light	with	a	 specific	wavelength.	A	xenon	
lamp	has	been	used	as	light	source.	The	light	emitted	by	fluorochromes	is	focused	
by	 collimator	 lenses	 and	 narrowed	 by	 a	 dichroic	 excitation	 filter	 which	 is	
impermeable	for	shorter	wavelengths.	The	emitted	light	with	a	longer	wavelength	
gets	 separated	 from	 the	one	 caused	by	 the	 light	 source	and	 is	perceived	by	 the	












phosphate-buffered	 saline	 (PBS)	 (Gibco®,	 Thermo	 Fisher).	 Subsequently,	
embryos	were	fixed	in	4%	paraformaldehyde	(PFA)	(Thermo	Fisher)	at	4°C	(E9.5	
and	E12.5	embryos	were	incubated	for	1hour,	E.16.5	embryos	overnight).	
Samples	were	washed	with	 PBS	 and	 snap-frozen	 on	 dry	 ice.	 Therefore,	 Tissue-
Tek®	cryomolds	(15	x	15	x	5	mm	and	25	x	20	x	5	mm)	and	Tissue-Tek®	O.C.T.™	
Compound	(embedding	medium	of	glycol	and	rosin)	were	used.	














(BSA)	 (Roth)/PBS	 for	 30	 minutes	 followed	 by	 incubation	 with	 the	 primary	
antibody	 in	1%	BSA/PBS	for	1	hour	at	room	temperature.	After	several	washes	
with	PBS,	the	secondary	antibody	was	used	for	the	incubation	of	the	cells	for	1	hour	
at	 RT.	 Cells	 were	 then	 incubated	 with	 0,1%	 Hoechst/PBS	 for	 10	 minutes	 and	
washed	with	PBS.	The	slides	were	subsequently	embedded.	








By	 fluorescence-activated	cell	sorting	 (FACS),	 cell	 populations	 can	 be	
distinguished	by	their	size,	granularity	and	fluorescence	and	can	be	quantitatively	












Tissue	 cells	 were	 transferred	 to	 a	 single-cells	 suspension	 with	 a	 100µm	 filter	
(Falcon®	 cell	 strainer)	 and	 washed	 with	 a	 4°C	 cold	 1%	 BSA	 solution	 (PAA	




Subsequently,	 cells	were	washed	with	1%	BSA	and	 transferred	 in	1%	BSA	 into	
FACS	 tubes	 with	 a	 total	 volume	 of	 400μl.	 The	 analyzation	 of	 the	 cells	 was	
performed	with	the	flow	cytometer	(Beckman	Coulter	MoFLow	Astrios).	
	
Detected	 cells	 are	 visualized	 by	 histograms	 or	 so-called	 scatter	 plots.	 The	



































Dr.	 rer.	 nat.	 Barbara	Walzog	 and	with	 the	 help	 of	 the	 protocol	 of	Hans	Häcker	
purified	 cells	were	 infected	with	an	ER-Hoxb8	 retrovirus.	Progenitor	 cells	were	
cultivated	in	a	“myeloid	cell	medium”	(RPMI	1640	with	10%	FBS,	1%	PSQ,	1%	GM-
CSF–conditioned	 medium	 from	 B16	 melanoma	 expressing	 the	 Csf2	 cDNA	 (10	
ng/ml	GM-CSF)	and	1mM	estrogen).	The	 infection	efficiency	was	approximately	
10%.	 Immortalized	progenitors	were	 separated	by	 removing	nonadherent	 cells	
every	three	days	and	cultivating	them	on	a	new	six-well	culture	plate.	This	process	
was	 repeated	 for	 three	weeks.	 Immortalized	progenitors	were	distinguished	by	
their	G418	resistance,	encoded	by	MSCV.	(G.	G.	Wang	et	al.,	2006)	
	
Hoxb8-immortalized	 macrophages	 that	 derived	 from	 YS	 progenitors	 were	
compared	to	BM-derived	macrophages	(provided	by	the	Walzog	group)	in	vitro.	
Progenitor	 cells,	 either	 YS-	 or	 BM-derived,	 were	 cultivated	 in	 a	 proliferation	
medium	 (500ml	 RPMI,	 50ml	 FCS	 (FBS	 SUPERIOR,	 #S0615,	 Merck),	 5ml	
Penicillin/Streptomycin	 (Thermo	 Fisher),	 20ml	 SCF	medium	 (homemade,	 from	
CHO-SCF	cells),	55µl	estradiol	(#E4389,	Sigma-Aldrich),	277µl	b-Mercaptoethanol	
(Gibco®,	 ThermoFisher)).	 Cells	 acclimated	 after	 around	 six	 days	 to	 their	 new	
environment	which	allowed	 the	subsequent	differentiation.	The	 cell	suspension	
was	 centrifuged,	 washed	 with	 RPMI	 medium	 and	 subsequently	 cultivated	 in	 a	
differentiation	 medium	 (500ml	 RPMI,	 50ml	 FCS,	 5ml	 Penicillin/Streptomycin,	
20ml	 SCF	 medium,	 277µl	 b-Mercaptoethanol)	 and	 with	 a	 M-CSF	 (Invitrogen)	
supplement	 (1:10.000	 dilution	 regarding	 the	 differentiation	 medium).	 The	
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ongoing	 differentiation	 process	 was	 depicted	 by	 bright	 field	 images.	 Mature	
macrophages	 could	 be	 identified	 after	 about	 six	 days	 which	 enabled	 further	
















chamber	 slide.	 pHrodoTM	 Green	 Zymosan	 A	 BioParticles®	 (life	 technologies)	
were	 resuspended	 in	 2ml	 DMEM	 (Gibco®,	 Thermo	 Fisher).	 Subsequently,	 the	






























































parts	of	 the	embryo	 (head,	 trunk,	 tail)	 at	E10.5	and	E.12.5,	 scale	100	µm	(with	
friendly	 approval	 of	 C.	 Stremmel	 and	R.	 Schuchert	 (Stremmel	 et	 al.,	 2018))	 (D)	
timeline	of	macrophage	lineages	in	mice	(F.	Wagner)	
	




the	 YS.	 Fractalkine	 (CX3CR1)	 is	 a	 chemokine,	 expressed	 by	monocytes,	DCs,	 T-
killer	 cells	 and	 macrophages.	 A	 direct	 and	 indirect	 ligation	 of	 GFP	 and	 the	
fractalkine	receptor	enabled	the	visualization	of	macrophages.	Green	fluorescent	
macrophages	 arising	 from	 the	 YS	 were	 detected	 with	 the	 help	 of	 an	 Olympus	
BX51W1	 epifluorescence	 microscope	 (Fig.	 9b).	 Early	 macrophages	 could	 be	
identified	in	the	YS	and	the	embryo.	Zooming	sections	of	the	head,	trunk	and	tail	of	
the	embryo	illustrate	YS-derived	macrophages	distributed	in	the	entire	embryo.	
Compared	 to	 the	 trunk	 and	 tail	 region,	 a	 higher	 density	 of	 green	 fluorescent	
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different	 populations;	 KIT+	 CX3CR1-	 progenitors	 and	 KIT-	 CX3CR1+	 pre-
macrophages	(Fig.	10a).	
RT-PCR	 quantifications	 showed	 that	 KIT+	 progenitors	 lack	 Csf1r	 expression,	
whereas	 per	 macrophages	 expressed	 significant	 levels	 of	 Csf1r	 as	 an	 early	
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separated	 via	 FACS	 and	 subsequently	 stained.	 In	 accordance	 with	 previous	
experiments,	 they	 show	characteristic	macrophage	 surface	antigens.	YS-derived	
sorted	 macrophages	 show	 apart	 from	 their	 GFP-labelled	 CX3CR1	 expression	
F4/80,	 a	 protein	which	 is	 used	 as	 a	macrophage	marker.	 Their	 cytoskeleton	 is	
typically	 actin-based.	 In	 order	 to	 proof	 their	 high	 proliferation	 rates,	 sorted	











































and	 created	 progenitor	 cells	 acquired	 an	unlimited	 proliferation.	 By	use	of	 this	

























progenitor	 cells,	bright-field	 images	of	 cultured	cells	were	recorded	at	different	
time	points.	Cultivated	progenitor	cells	show	a	roundish	shape	and	reveal	a	notable	





































Visualizing	 progenitor	 cells	 and	 recording	 them	 from	 day	 0	 to	 day	 7	 after	
embedding	them	in	a	specific	proliferation	medium	lead	to	a	demonstration	of	the	
proliferation	potential	of	YS-	and	BM-derived	progenitor	cells.	From	day	0	to	day	
3	 both	 progenitor	 cells	 show	 a	 slight	 proliferation.	 A	 linear	 proliferation	 to	











































































of	 CD45+	 vs.	 CD16/32+	
cells,	 (B)	 CD45+	 vs.	




A	 further	 purpose	 was	 to	 characterize	 YS-derived	 macrophages	 via	 flow	
cytometry.	Targeted	cell	surface	antigens	were	labeled	using	fluorophores	which	
were	 detected	 by	 the	 flow	 cytometer	 BD	 LSRFortessaTM	 (BD	Bioscience).	 FACS	
analysis	 was	 performed	 with	 progenitor	 cells	 and	 differentiated	 YS-	 and	 BM-
derived	macrophages.	 Differentiated	 YS-	 and	 BM-derived	macrophages	 show	 a	












































































































       







To	 investigate	 mRNA	 expression	 patterns,	 RT-PCR	 was	 performed.	 CD45	 is	














































































































Various	 studies	 have	 shown	 the	 indispensable	 role	 of	 beta	 2	 integrin	 to	 the	




















(A)	 YS-	 and	 BM-derived	 macrophages	
engulfing	 zymosan-conjugated	





With	 the	 aim	of	 confirming	 the	 phagocytosis	 capability	 of	Hoxb8	differentiated	
macrophages,	 an	 ITGb2	knockout	 cell	 line	was	used	as	a	negative	 control.	They	
were	likewise	exposed	to	zymosan-linked	particles.	In	comparison	to	non-mutated	



































first	 origin	 of	macrophages	 and	 their	 progenitors	 is	 the	 YS.	 (Alliot	 et	 al.,	 1999;	
Ginhoux	et	al.,	2010;	Schulz	et	al.,	2012).	BM-derived	macrophages	are	described	
precisely	hitherto.	They	express	surface	markers	such	as	CD45,	CD11b,	F4/80,	or	




Various	 studies	 aimed	 to	 investigate	 alternative	 sources	 of	 tissue	 resident	






undergo	 varying	 differentiation	 processes	 depending	 on	 the	 surrounding	
microenvironment	 (Gordon,	 2012;	 Mass	 et	 al.,	 2016).	 The	 importance	 of	 this	
specific	 environment	 is	 even	more	 highlighted	 by	 the	 differing	 functionality	 of	
macrophages.	One	popular	classification	 is	 the	differentiation	between	M1,	pro-
inflammatory,	 and	M2,	 anti-inflammatory	macrophages	 (Zhang	&	Wang,	 2014).	
This	distinction	is	similarly	shown	by	the	development	of	diverse	diseases.	
	
Various	 diseases	 originate	 in	 the	 disfunction	 of	 the	 homeostasis	 capability	 of	
macrophages.	 One	 famous	 example	 is	 the	 genesis	 of	 cardiovascular	 diseases.	
Vessels	are	regularly	exposed	to	mechanical	stress.	Endothelium	damages	provoke	
the	invasion	of	monocytes	into	the	arterial	wall.	These	monocytes	differentiate	into	
macrophages	 and	 exhibit	 an	 inflammatory	 response.	 Oxygen	 radicals	 and	
hydrogen	 peroxide	 is	 produced	which	 in	 turn	modifies	 low	density	 lipoprotein	
(LDL)	 particles.	 Macrophages	 phagocytize	 these	 adapted	 lipids	 by	 recognizing	
them	 with	 their	 scavenger	 receptors.	 Due	 to	 a	 lack	 of	 complete	 phagocytosis	
capability	 they	 transform	 into	 foam	 cells.	 Fatty	 streaks	 are	 established	 in	 the	
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intima	 and	 thrombosis	 and	 local	 plaque	 hemorrhage	 occur.	 Inflammatory	





endothelium	 which	 subsequently	 cause	 stroke	 or	 (cardiac)	 infarction.	 (Naito,	
2008;	 J.	 Rassow,	 Hauser,	 Netzker,	 &	 Deutzmann,	 2016)	 The	 pathogenesis	 of	
atherosclerosis	 represents	 a	 famous	 example	 of	 a	 defective	 inflammatory	
macrophage	 response.	Macrophages	 have	 on	 the	 contrary	 a	 positive	 impact	 on	
heart	injuries	as	they	can	attenuate	inflammation	processes	by	secreting	IL-10	or	













has	 to	 have	 an	 impact	 on	 the	 homeostasis	 capability.	 This	 could	 also	 lead	 to	
different	pro-	or	anti-inflammatory	responses.	Further	investigations	concerning	




















difference	 regarding	 the	 cell	 density	 was	 equalized	 from	 E12.5	 onwards.	
Macrophages	 are	 indispensable	 to	 the	 development	 of	 the	 brain	 and	 its	
homeostasis.	Former	studies	already	elucidated	the	fact	that	microglia,	originating	
from	the	YS,	are	not	replaced	by	BM-derived	macrophages	and	have	a	self-renewal	
capability.	 The	 fact	 that	 YS-derived	 macrophages	 are	 initially	 recruited	 by	 the	




could	 conjecture	 that	 our	 investigated	 cells	 are	 BM-derived.	 Dispelling	 these	
concerns	 Stremmel	 et	 al.	 used	 the	myb	 knockout	mice	 (Stremmel	 et	 al.,	 2018).	
Schulz	 and	 co-worker	 already	 showed	 a	myb-independent	 proliferation	 of	 YS-




Schulz	 and	 co-workers	 were	 the	 first	 ones	 to	 distinguish	 YS-	 and	 BM-derived	
macrophages	via	their	antigen	profile.	Investigations	characterized	macrophages	
originating	 from	 the	 YS	 with	 a	 major	 F4/80	 and	 inferior	 CD11b	 expression	
compared	to	BM-derived	macrophages	(CD11blow,	F4/80bright)	(Schulz	et	al.,	2012).	














to	 a	 significant	 reduction	 of	 the	 GFP	 signal	 and	 a	 non-specific	 staining	 profile.	













dependency	 on	 mice.	 Sorted	 macrophages	 appeared	 to	 depend	 on	 a	 specific	
microenvironment	in	the	cell	culture	experiments.	Only	by	adding	the	whole	yolk	
sac,	 macrophages	 seamed	 to	 survive	 and	 further	 investigations	 were	 enabled.	
Beside	 unstable	 cell	 culture	 conditions,	 the	 quantities	 of	 the	 investigated	









proliferation	 capability	 of	 progenitor	 cells.	 We	 showed	 a	 specific	 proliferation	
















fluorescent	 light	 after	 having	 engulfed	 zymosan-conjugated	 particles,	 which	
proved	their	phagocytosis	capability.	This	result	could	lead	to	the	supposition	that	
macrophages	 arising	 in	 the	 YS	 represent	 a	 primary	 compound	 of	 the	 innate	
immune	system	of	the	unborn	embryo.	To	further	characterize	impact	factors	on	
this	 phagocytosis	 capability	 additional	 phagocytosis	 essays	 with	 different	
knockout	models,	 progenitor	 and	 differentiated	macrophages	 or	 various	 tissue	
resident	macrophages	(e.g.	sorted	microglia	or	Kupffer	cells)	should	be	pursued.	
As	 mentioned	 before	 some	 particular	 tissue	 resident	 macrophages	 originating	
from	 the	 YS	 are	 not	 replaced	 by	BM-derived	macrophages,	 are	 capable	 of	 self-
renewal	 and	 are	 indispensable	 to	 the	 tissue	 homeostasis.	 This	 leads	 to	 the	
assumption	that	YS-	and	BM-derived	tissue	resident	macrophages	vary	regarding	








from	 the	 YS	 into	 infected	 mice	 or	 cell	 culture-based	 analysis	 with	 germs	 and	
cultured	macrophages.		
	
Macrophages	 play	 a	 key	 role	 in	 tumorigenesis.	 So-called	 Tumor	 associated	
macrophages	 (TAMs)	 create	 the	perfect	micro-environment	 for	 tumor	cells	 and	
are	essential	to	metastasis	development	(Condeelis	&	Pollard,	2006).	One	crucial	
part	 of	 the	 establishment	 of	 TAMs	 is	 the	 phenotypic	 switch	 of	 M1,	 pro-
inflammatory,	 into	 M2,	 anti-inflammatory	 macrophages	 which	 is	 initiated	 by	
tumor	cells	(Pollard,	2017).	To	further	analyze	the	role	and	function	of	YS-derived	





Concerning	 above	 mentioned	 pathogenesis	 migration	 is	 indispensable	 to	
macrophages.	Without	migration	 the	 response	 of	macrophages	 on	 the	 onset	 of	
inflammation	 or	 tissue	 damage	 would	 be	 limited.	 To	 further	 characterize	 YS-








function	and	 first	 stem	cells	 appear.	However,	 findings	of	 early	progenitor	 cells	




a	 specific	 size,	 corresponding	 to	 the	 gestational	 age.	 Varying	 sizes	 or	 irregular	
forms	of	the	yolk	sac	represent	early	signs	of	an	abnormal	pregnancy	development	
(Rath,	2010).	Macrophages	being	responsible	for	homeostasis	could	have	a	crucial	






syndrome	 can	 occur	 because	 of	 a	 lack	 of	 trophoblast	 migration	 and	 invasion	
through	 the	 decidua	 and	 maternal	 uterine	 spiral	 arteries	 (Weyerstahl,	 2013).	
Additionally,	 diseases	 as	 preeclampsia	 have	 a	 main	 impact	 on	 later	 appearing	
maternal	or	fetal	diseases.	Studies	proved	that	preeclampsia	is	associated	with	a	
higher	risk	 for	maternal	cardiovascular	diseases	(Orabona	et	al.,	2017)	and	that	





in	 vivo	 and	 damages	 cells	 and	 organelles	 significantly.	 Vasculopathies	 lead	 to	
abnormal	nutrient	transportation	and	have	an	impact	on	the	amount	of	embryonic	
malformation.	 (Dong	 et	 al.,	 2016)	 Macrophages	 are	 a	 primary	 element	 of	 the	
development	of	 vasculopathies.	Their	 early	appearance	 in	 the	yolk	sac	plays	an	
important	 role	 for	 homeostasis	 and	 the	 function	 of	 the	 embryo	 nourishing	
structures.	Malfunctioning	 could	 lead	 to	 a	 higher	 risk	 of	 abortion,	 intrauterine	






In	summary,	 it	can	be	stated	that	 the	yolk	sac	depicts	 the	 first	origin	of	mature	
macrophages	and	that	YS-derived	macrophages	show	a	close	resemblance	to	those	
arising	 in	 the	 bone	 marrow.	 Performed	 investigations	 in	 this	 thesis	 such	 as	
immunofluorescence	staining,	RT-PCR	or	FACS	analysis	illustrated	the	similarity	
of	YS-	and	BM-derived	macrophages	regarding	their	antigen	profile.	Similar	to	BM-
derived	 macrophages,	 macrophages	 originating	 from	 the	 YS	 express	 typical	
markers	such	as	CX3CR1,	F4/80,	CD45	and	CD11b.	Cell	culture	experiments	and	
bright	field	images	showed	the	transformation	of	a	roundish	shape	of	progenitor	
cells	 to	 a	 typical	 dendritic	 shape	 of	 differentiated	macrophages.	 The	 ER-Hoxb8	
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model	 enabled	 a	 first	 analysis	 of	 immortalized	 YS-derived	 progenitors	 and	




YS-derived	 macrophages	 remain	 persistent	 as	 tissue-resident	 macrophages	 in	
adult	mice.	They	cannot	be	distinguished	on	a	molecular	basis	from	those	arising	
from	 the	 BM	 so	 far	 and	 require	 temporary	 fate	 mapping	 analysis.	 A	 precise	
description	 of	 macrophages	 originating	 from	 the	 YS	 could	 play	 a	 key	 role	 for	
potential	 future	 therapeutic	 strategies.	 A	 detailed	 characterization	 with	
proteomics,	 RNA	 sequencing	 or	 metabolic	 analysis	 and	 the	 illustration	 of	 the	
impact	 of	 the	 surrounding	 matrix	 to	 the	 development	 of	 tissue-resident	
macrophages	will	be	addressed	to	future	studies.	Beside	the	placenta,	the	unborn	
embryo	does	not	dispose	of	a	substantial	immune	defense	system.	Before	the	onset	
of	hematopoiesis	 in	 the	BM,	YS-derived	macrophages	could	depict	an	 important	

































be	 established.	 In	 vitro	 investigations	 visualized	 the	 transformation	 of	 the	
roundish	 shape	of	progenitor	 cells	 to	a	 typical	dendritic	 shape	of	differentiated	
macrophages.	Macrophages	arising	from	the	yolk	sac,	show	a	similar	proliferation	





The	collected	data	gives	 first	 insights	 in	 the	development,	molecular	profile	and	
functionality	 of	 yolk	 sac-derived	 macrophages.	 A	 close	 resemblance	 to	
macrophages	 arising	 from	 the	 bone	 marrow	 could	 be	 shown.	 A	more	 detailed	












Die	 vorliegende	 Arbeit	 bestätigt	 den	 Dottersack	 als	 ersten	 Ursprung	 von	
Makrophagen	und	analysiert	Makrophagen,	welche	aus	dem	Dottersack	der	Maus	




Weitere	 Untersuchungen	 zeigten	 das	 Expressionsprofil	 und	
Proliferationspotential	der	aus	dem	Dottersack	entsprungenen	Makrophagen	auf.	
Ähnlich	 wie	 Makrophagen,	 welche	 aus	 dem	 Knochenmark	 hervorgehen,	




Zum	 ersten	 Mal	 konnte	 eine	 fortwährende	 Zellkultur	 mit	 aus	 dem	 Dottersack	
hervorgehenden	 Vorläuferzellen	 etabliert	 werden.	 In	 vitro	 Versuche	
veranschaulichten	die	Transformation	der	 rundlichen	Form	der	Vorläuferzellen	
hin	 zu	 einer	 typischen	 Form	mit	 Ausläufern	 der	 differenzierten	 Makrophagen.	
Makrophagen,	 welche	 aus	 dem	 Dottersack	 hervorgehen,	 zeigen	 eine	 ähnliche	
Proliferationsfähigkeit	 wie	 die,	 die	 aus	 dem	 Knochenmark	 entstammen.	
Zellkulturversuche	 ermöglichten	 eine	 höhere	Zellzahl	 und	 bestätigten	 das	 oben	
genannte	Expressionsprofil.	Zudem	konnte	die	Fähigkeit	der	Phagozytose	der	aus	
dem	 Dottersack	 entsprungenen	 Makrophagen	 mittels	 spezifischer	 Versuche	
bestätigt	werden.	
	
Die	 gewonnen	 Daten	 geben	 erste	 Einblicke	 in	 die	 Entwicklung,	 das	 Profil	 auf	
molekularer	Ebene	und	die	Funktionalität	der	aus	dem	Dottersack	entstandenen	
Makrophagen.	 Eine	 große	 Ähnlichkeit	 zu	 den	 Makrophagen,	 die	 aus	 dem	
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